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WaveriderAbstract This paper focuses on the analysis of high-temperature effect on a conical waverider and
it is a typical conﬁguration of near space vehicles. Two different gas models are used in the
numerical simulations, namely the thermochemical non-equilibrium and perfect gas models. The
non-equilibrium ﬂow simulations are conducted with the usage of the parallel non-equilibrium pro-
gram developed by the authors while the perfect gas ﬂow simulations are carried out with the com-
mercial software Fluent. The non-equilibrium code is validated with experimental results and grid
sensitivity analysis is performed as well. Then, numerical simulations of the ﬂow around the conical
waverider with the two gas models are conducted. In the results, differences in the ﬂow structures as
well as aerodynamic performances of the conical waverider are compared. It is found that the
thermochemical non-equilibrium effect is signiﬁcant mainly near the windward boundary layer at
the tail of the waverider, and the non-equilibrium inﬂuence makes the pressure center move forward
to about 0.57% of the whole craft’s length at the altitude of 60 km.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Global strike and persistent attack have attracted an increas-
ing attention worldwide since human started the space era.1
With respect to subsonic and supersonic vehicles, the near-
space hypersonic vehicles have so many advantages, such as
fast arrival within the global and exceptional ability of anti-
defense, thus much attention has been drawn to its research.2,3A series of near space hypersonic vehicles has been investi-
gated, such as HTV-2,4 X-37B5,6 and EXPERT7 in recent
years. It has already been proved in the ﬂight practice of
conventional reentry vehicles such as space shuttle orbiters
and capsules that high-temperature effect, especially non-
equilibrium effect has a signiﬁcant inﬂuence on the aerody-
namic performances of these blunt crafts. In view of the great
differences in the ﬂying track and conﬁguration between the
high lift to drag ratio (L/D) near-space vehicles and the con-
ventional blunt reentry vehicles, high-temperature effect on
these near space vehicles needs further investigation.
Nowadays, computational ﬂuid dynamics has grown
mature to a point where it is widely accepted as an essential,
complementary analysis tool to wind tunnel experiments and
ﬂight tests.8 In the research process of high-temperature effect,
numerical simulation is particularly important in respect that
Fig. 1 Design sketch of the waverider.
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cannot entirely simulate the real ﬂight condition. The high-
temperature effect on the ﬂow structure and aerodynamic per-
formances is apparent. It changes not only the position and
shape of shock waves, but also the characteristics of boundary
layer, which ultimately results in the variations in the aerody-
namic performance of the vehicles. High-temperature effect on
the aerodynamics is mainly embodied in the variations of the
pitching moment and pressure center location. During the
ﬂight test of STS-1, because of disregarding the high-
temperature effect the ﬂap deﬂection angle was more than
twice of the value predicted in the wind tunnel to balance
the angle of attack. Some scientists, like Park and Yoon,9 have
been studying the high-temperature effect long before, but
most of the subjects investigated are space shuttle orbiters
and reentry capsules. Park’s research shows that the pressure
center location may move forward by as much as 1% of the
whole craft for hypersonic vehicles with similar conﬁguration
as space shuttle orbiter when the airvanes are totally deﬂected.
The research on high-temperature effect over the aerody-
namics of waverider vehicles has begun since a short time
ago and most of the study is about equilibrium effect.
Anderson et al.10 developed a few conical waveriders by using
the equilibrium conical ﬂow as the basic ﬂow ﬁeld, and com-
pared their aerodynamic performance with those derived from
perfect conical ﬂow. Anderson’s result shows that these two
kinds of waveriders nearly have the same L/D ratio in the
inviscid ﬂow or when the Mach number is lower than 50. Zeng
et al.11 from the Institute of Mechanics, Chinese Academy of
Science, studied the equilibrium effect in the viscous condition
over the aerodynamic performance of the conical waverider.
The results show that unlike the reentry shuttle orbiters, the
equilibrium effect makes the pressure center move backward
for the conical waverider.
High-temperature effect on the aerodynamic performance
of the waverider vehicles contains not only the equilibrium
effect but also the non-equilibrium effect in the near-space
region. Against such background, this paper will analyze the
high temperature effect on the aerodynamic performance of
the conical waverider by using a non-equilibrium numerical
simulation program TCNEQ3DP developed by the authors
before. Differences in the ﬂow structure and some aerody-
namic parameters between the non-equilibrium and perfect
gas models will be presented.
2. Numerical methods and physiochemical models
While the hypersonic vehicles travel at an altitude of 40–
80 km, the high temperature effect mainly acts as thermochem-
ical non-equilibrium effect because the characteristic time of
the ﬂowﬁeld has nearly the same magnitude with the molecule
vibration relaxation time and the chemical reaction time. Even
though there are a few non-equilibrium ﬂow ﬁeld solver pro-
grams such as LAURA12, GASP13 and FLOWer,14 etc. many
unfathomed problems still exist in the non-equilibrium numer-
ical study. Dong et al.15 and Li16 from China Aerodynamics
Research and Development Center, Ma et al.17 from Beihang
University as well as Yu et al.18 from Nanjing University of
Aeronautics and Astronautics have done a lot of researches
on the non-equilibrium ﬂow. However, researches of the
non-equilibrium effect upon the waveriders can still not befound in the literature. Therefore, a parallel non-equilibrium
program has been developed by the authors and used in the
analysis of high temperature effect in the current study.
The parallel non-equilibrium program used in this paper is
derived from TCNEQ3D19 by using MPI systems, called
TCNEQ3DP. This program is based on the structured
multiblock mesh and ﬁnite difference method (FDM). The
AUSMPW second order upwind scheme with MUSCL recon-
struction is used for the inviscid ﬂuxes, and the center
difference scheme is used for the viscous ﬂuxes. For time dis-
cretization, an approximately factored LU-SGS scheme has
been used. The total implicit time preconditioning method is
employed to eliminate the rigid problem.
Gupta’s eleven species model is utilized to describe the non-
equilibrium gas mixture as well as a series of models, such as
Park’s T-TV model20 for vibration–dissociation coupling, the
Landau–Teller model with Millikan and White’s rates plus
Park’s modifying formula21 for energy relaxation, Gupta’s ﬁt
formula22 for single species’ transportation coefﬁcients and
Wilke’s half experiential formula for the mixture’s.
3. Waverider conﬁguration and mesh
The high temperature effect upon the blunt reentry vehicles
has been investigated early and a generally accepted view
shows that the high-temperature effect makes the pressure cen-
ter move forward with respect to the perfect gas expected
results. However, as for the hypersonic vehicles with slender
conﬁguration, such as the high L/D ratio vehicle, namely the
HTV-2 and the waverider, that the high-temperature effect
makes the pressure center move forward or backward still
needs further investigations.
The design methods of the waveriders are still quite hot in
recent years and new design methods appear consecutively.23–25
The design sketch of the conical waverider used for the geometric
model in current research is shown in Fig. 1. The values of the
design parameters are given in Table 1, where /max, Rs and R0
stand for the max anhedral angle, the shock radius at the base
plane and the distance between the midpoint of the trailing edge
and the axis of the base cone respectively. This waverider is about
4 m in length, 2.2 m in width and 1.6 m in height, as is nearly the
same size with HTV-2.
Table 1 Design parameters of waverider.
Design parameter Value
Ma 15
/max () 45
RS (m) 1
R0 (m) 0.5
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be cut down to a half. The commercial software ICEM-CFD
is used to generate the multiblock structured mesh. The mesh
of wall and symmetric planes is shown in Fig. 2. Each of the
block has the same amount of mesh and ultimately the amount
of subzone is 71, as clear in Fig. 3.
The nondimensional grid height of the ﬁrst layer on the wall
(Dn) is 1.67 · 105. In order to analyze the grid sensitivity dur-
ing the skin friction calculation, the nondimensional grid
height is reduced to half of its original size while the amount
of the mesh remains the same, and the new mesh is called
Reﬁne01. Besides, in order to analyze the grid sensitivity dur-
ing the integration of the aerodynamic forces, the grids in both
the ﬂow and span direction are reﬁned to one and a half of its
original grid density while the norm grid remains the same.
The new mesh has 5.307 · 106 nodes and it is named asFig. 2 Mesh on wall and symmetric planes of the conical
waverider calculational region.
Fig. 3 Sketch of subzones of conical waverider calculational
region.
Table 2 Details of the original and reﬁned meshes.
Name Reﬁnement direction Nondimens
Original None 1.67 · 105
Reﬁne01 Norm 8.35 · 106
Reﬁne02 Flow and span 1.67 · 105Reﬁne02. The information on the original and reﬁned meshes
are shown in Table 2.
4. Calculation conditions
Ahead of the waverider vehicles, the air cannot be compressed
enough by the weak shock wave, and the chemical reaction
cannot be excited accordingly. However, the shock wave is
not the only means to excite the chemical reaction during the
aircraft’ ﬂight with a high Mach number, and the viscous dis-
sipation in the boundary layer can also heat the gas to such a
high level as to excite the vibration energy of the molecules and
generate dissociation reaction, even ionization reaction. The
gas temperature in the boundary layer varies with the ﬂight
conditions and consequently so does the degree of chemical
reaction. The HTV-2 reenters the atmosphere at 105 km with
a Mach Number of 20+ and then reaches its glide beginning
point at 60 km5. Therefore, the typical ﬂight height of 60 km
in the trajectory of HTV-2 is used in this paper to make the
current research approach the real ﬂight condition as close
as possible. Besides, three Mach numbers namely 15, 20 and
25 are also chosen to analyze the different extents of non-
equilibrium effect. The physical parameters of the incoming
ﬂow such as pressure, temperature and viscous coefﬁcient are
obtained from the America standard atmosphere table. Each
case has a sideslip of 5 and an angle of attack of 5. The angle
of attack of 5 is chosen because the small positive angle of
attack is proved to be the best glide angle for HTV-2 in our
previous research.
The program TCNEQ3DP is used to simulate the thermo-
chemical non-equilibrium ﬂow ﬁeld and the commercial soft-
ware ANSYS Fluent is used to calculate the viscous perfect
gas ﬂow ﬁeld. The pressure coefﬁcient Cp perfect gas model
and laminar model are used in the parameter setup of Fluent.
The AUSM scheme is used for the inviscid ﬂuxes. Because no
information can be seen in the literature about the wall
temperature distributions of the HTV-2 in its ﬂight tests as well
as other hypersonic vehicles with the waverider conﬁguration,
the no-slip isothermal wall with a temperature of 1000 K is set
to be the wall boundary condition according to the ﬂight
conditions chosen the current research.5. Code validation and grid sensitivity analysis
5.1. Code validation
In the thermochemical non-equilibrium ﬂow, the thickness of
the shock layer depends on the gas density after the shock
wave, which depends on the degree of the vibration excitation
and the chemical reaction. As to ﬂow around a blunt body,
such as a ball, the bowshock is strong enough to generate
high-level chemical reaction, and this in turn has a signiﬁcantional grid height of the ﬁrst layer Dn Grid scale (106)
2.561
2.561
5.307
Table 3 Computational condition of shock wave stand-off distance experiment.
Case T1 (K) p1 (Pa) V1 (km/s) Ma1 q1R (kg/m
2) l1 (kg/(mÆs)) ReD
7111 303.0 11200 5.10 14.62 7.722 · 104 1.86 · 105 2.12 · 105
4091 289.5 1320 5.54 16.24 9.534 · 105 1.80 · 105 5.88 · 104
Table 4 Shock stand-off distance results of validation cases.
Case D/R
CFD Experiment
4091 0.083 0.083 ± 0.002
7111 0.078 0.081 ± 0.009
Table 5 Aerodynamic forces and pitching moment coefﬁ-
cients for grid sensitivity test.
Mesh CA CN Cm Xp (m)
Original 0.2428 0.8624 0.2877 2.5770
Reﬁne 01 0.2437 0.8621 0.2881 2.5761
Reﬁne 02 0.2415 0.8598 0.2884 2.5769
60 J. Liu et al.impact on the shock wave stand-off distance. Therefore, the
shock wave stand-off distance for the sphere is generally
considered as an important criterion to test the accuracy of a
non-equilibrium numerical approach. Thus, the sphere model
is chosen in the current study to validate the non-equilibrium
program developed by the authors. The experimental shock
stand-off distance in Ref.19 is used.
Two ballistic range experimental cases, namely 4091 and
7111, are chosen in the code validation. The ﬂow states after
the shock wave in the two cases are different, so that the code
validation can be more trustful. Among the two cases, Case
4091 is in the range of the non-equilibrium ﬂow while Case
7111 is in the range of the equilibrium ﬂow. The radius of
the sphere used in the experiment is 6 mm. The computational
condition is shown in Table 3, where q1R stands for the bin-
ary scaling parameter. Both cases use isothermal full-catalytic
wall as its wall boundary, and the wall temperature is set to be
600 K according to the experimental conditions.
The mesh near the shock wave is reﬁned in the validation
cases, and the nondimensional shock thickness resolution
decided by norm interval of two adjacent nodes is
Dx/R= 8 · 104. Therefore, the effective data of the shock
wave stand-off distance are reserved to three places of deci-
mals. Table 4 shows that for the Case 4091 the CFD result
is in perfect agreement with the experimental result. Herein,
D/R stands for the nondimensional shock stand-off distance.Fig. 4 Longitudinal distributions of wall pressure aFor the Case 7111 the CFD result slightly deviates from the
experimental one (3.7% error), but is still within the error
band. These two cases clearly prove that the non-equilibrium
program TCNEQ3DP can be worthy of conﬁdence to simulate
the thermochemical non-equilibrium ﬂowﬁeld.
5.2. Grid sensitivity analysis
The case with an altitude of 60 km and a Mach number of 25 is
chosen to analyze the grid sensitivity with TCNEQ3DP. The
wall longitudinal distributions of pressure coefﬁcient Cp and
friction coefﬁcient Cf along the symmetric plane are shown
in Fig. 4. From these two ﬁgures, it can be seen that with
respect to the original mesh, the reﬁnement in the three direc-
tions, namely normal, ﬂow and spanwise directions, has little
effect on the Cp and Cf on the wall.
In this paper, the pitching moment coefﬁcient is deﬁned
positive when the pitching moment raises the head of the vehi-
cle. The reference area and length used to calculate the force
coefﬁcients and the moment coefﬁcients are 1 m2 and 1 m
respectively. The moment center is located in the mass center
of the waverider. The aerodynamic force coefﬁcients CA and
CN, the pitching moment Cm, and the X coordinate of the pres-
sure center, signed as Xp, obtained by using the original and
reﬁned meshes are shown in Table 5. The largest relative errornd skin friction coefﬁcients along meridian line.
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Cm and Xp is 5.3 · 103, 3.0 · 103, 2.1 · 103 and
3.5 · 104 m, respectively. Such conclusion can be drawn that
the aerodynamic results calculated with the original mesh is
accurate enough for further analysis.
6. Results and analysis
6.1. High-temperature effect on ﬂow structure
The pressure and Mach number contours on the symmetric
plane at Ma= 20 are shown in Figs. 5 and 6. Among them,
Fig. 5 shows the pressure contours while Fig. 6 shows the
Mach number contours. It can be seen that the non-equilib-
rium contours on the right are similar on the whole with the
perfect gas ones on the left.
Three X-constant slices, with the nondimensional X coordi-
nates being 0.05, 0.5 and 1 respectively, are made to compare
the differences in the shock wave shape between the two gas
models. Fig. 7 shows the pressure contours in the X-constant
slices with the three Mach numbers. For each ﬁgure, the per-
fect gas results are on the left-hand side while the non-equilib-
rium ones are on the right-hand side. Figs. 7(a)–7(c)
correspond to the case with Ma= 15; Fig. 7(d)–7(f), the case
withMa= 20; Fig. 7(g)–7(i), the case withMa= 25. Compar-
ison between the three cases reveals that with the increase of
the Mach number, the high-temperature effect becomes more
obvious and the differences in the shock stand-off distances
between the two gas models become more signiﬁcant. ForFig. 5 Non-dimensional pressure con
Fig. 6 Mach contours on sythe case with Ma= 15, the difference in the shock wave
stand-off distances from head to tail of the waverider between
the two gas models is rather insigniﬁcant, while in the case with
Ma= 20, the differences are distinguishable only in the tail
slice. For the case with Ma= 25, the differences in the body
and tail slices can be easily distinguished and the shock calcu-
lated with the non-equilibrium model is closer to the wall,
especially in the tail slices. High-temperature effect makes
the oblique shock wave get closer to the wall, especially at
the tail of the waverider, and this will inevitably change the
pressure distribution on the wall. Here we can see the differ-
ence of the high temperature effect action zone between the
conventional blunt reentry vehicles and the waveriders, and
high temperature effect on the ordinary reentry capsules is
extremely strong at the head while it mainly works at the tail
of the waverider vehicles.
It has been mentioned above that for the conical waverider
conﬁguration, the high temperature effect is mainly due to the
viscous dissipation in the boundary layer. The vibration tem-
perature Tv contours and the electron number density contours
atMa= 25 are shown in Figs. 8 and 9, respectively. From the
ﬁgure, it can be seen that the region where thermochemical
non-equilibrium effect is signiﬁcant mainly exists near the
windward boundary layer at the tail of the waverider and
the wake ﬂow after it. The highest number density of the elec-
tron which is 4.4 · 1016/m3 exists just in such region. That is
another sign indicating that the high temperature effect is
stronger in the windward boundary lay at the tail of the
waverider.tours on symmetric plane and wall.
mmetric plane and wall.
Fig. 8 Vibration temperature contours in symmetric plane
(Ma= 25).
Fig. 9 Number density of electron contours (Ma= 25).
Fig. 7 Pressure contours in X-constant slices.
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The wall longitudinal distributions of the pressure coefﬁcient
along the windward and Leeward meridian lines on the sym-
metric plane are shown in Fig. 10, in which the hollow square
spots stand for the perfect gas results and the solid square
spots stand for the non-equilibrium ones. It can be seen that
in most region of the windward side meridian line the non-
equilibrium pressure coefﬁcient is higher than the perfect gas
result while there is an opposite phenomenon on the leeward
side.
Fig. 11 shows the pressure coefﬁcient distributions in
the spanwise direction on the X-constant plane with the
nondimensional X coordinate being 0.05, corresponding to
the windward and the leeward results respectively, showing
that the non-equilibrium Cp is lower on the windward side
but higher on the other side with respect to the perfect gas
results.
Similar phenomena can be seen in Fig. 12 as well with the
non-dimensional X coordinate being 0.97, except in the middle
of the curves on the windward side where the non-equilibrium
pressure coefﬁcient is lower. The possible reason calls for fur-
ther investigations. With respect to the perfect gas results, the
non-equilibrium pressure distribution brings an additional
positive pitching moment which will raise the head of the
waverider and make the pressure center move forward.
The pitching moment coefﬁcient and the X coordinate of
pressure center distribution with the variation of Mach num-
bers are shown in Figs. 13 and 14. As clear, the non-equilibrium
Fig. 11 Spanwise distributions of wall pressure coefﬁcients at X/L= 0.5 (Ma= 20).
Fig. 12 Spanwise distributions of wall pressure coefﬁcients on windward side at X/L= 0.97 (Ma= 20).
Fig. 10 Longitudinal distributions of wall pressure coefﬁcients along symmetric plane at Ma= 20.
High-temperature gas effects on aerodynamic characteristics of waverider 63pitching moment coefﬁcient is slightly higher than the perfect
gas results and the difference stays nearly the same as the Mach
number varies. As clear in Fig. 14, with respect to the perfect
gas results, the non-equilibrium effect makes the pressurecenter move forward to about 0.57% of the length of the whole
craft. The forward moving distance has little variation with
the increase of Mach number. Such phenomena must be taken
into consideration in the design of the waverider.
Fig. 13 Pitching moment coefﬁcient distribution with variation
of Mach number at H= 60 km.
Fig. 14 X-coordinate of pressure center distribution with vari-
ation of Mach number at H= 60 km.
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With the parallel non-equilibrium program TCNEQ3DP
developed by the authors, a series of non-equilibrium numerical
simulations on the ﬂow around the conical waverider, namely a
typical conﬁguration of the near-space vehicles, has been con-
ducted in this paper. The high temperature effect on the ﬂow
structures and aerodynamic performances has been analyzed
with the comparison of non-equilibrium and perfect gas simu-
lations on the waverider ﬂowﬁeld. Some conclusions have been
drawn.
(1) The high-temperature effect varies the oblique shock
wave shape. The non-equilibrium shock wave gets closer
to the wall than the perfect gas one as it reaches the tail
of the waverider. With the increase of the Mach number
(from 15 to 25), the high temperature effect gets stron-
ger, and the differences of shock wave stand-off distance
between the two gas models become more obvious.
(2) Such conclusion has been tested in this paper that for
vehicles with conical waverider conﬁguration, the
non-equilibrium effect mainly comes from the viscous
dissipation in the boundary layer. The region, where
thermochemical non-equilibrium effect is signiﬁcant,
mainly exists near the windward boundary layer at the
tail of the waverider and the wake ﬂow after it.(3) It has been found in this paper that the non-equilibrium
effect makes the pressure center move forward to about
0.57% of the whole craft’s length at the altitude of
60 km. This distance of the pressure center movement
must be taken into consideration in balance design of
the aircraft. Such conclusion is in consistent with the
Park’s results of space shuttle orbiter, but contrary to
Zeng’s results in Ref.8 This may be because that Zeng
uses equilibrium gas model in his numerical simulations
which is different from the more general non-equilibrium
model used in this paper. At the same time, the ﬂight
conditions and geometric model are different as well.
In a word, the high temperature effect on the pressure
center of the waverider still needs further research.
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